Introduction
Human health is very likely affected by regional consequences of global warming. One of the most severe impacts is probably associated with temperature-related climatological extremes such as heat waves (Haines et al., 2006) . Both General Circulation Models (GCM) and Regional Climate Models (RCM) project mean temperature increase for the coming decades (e.g., IPCC, 2007; Pongrácz et al., 2011) . In this regard, hot conditions are likely to occur more frequently, longer, and more intensely than in the recent decades in most of the regions (Meehl and Tebaldi, 2004; IPCC, 2012) . Infants, elderly people and individuals with health problems are especially vulnerable to extreme heat due to their lower capacities for adapting to unusual temperature ranges (e.g., Fritsch et al., 2008) . In order to address this issue, societies and policy makers must develop appropriate adaptation and mitigation strategies both on national and local scales (Kovats and Ebi, 2006) . For this purpose the very first step could be to analyse the projected future changes related to extreme temperature conditions. In this paper heat waves are addressed from this aspect. Clark et al. (2006) used GCM simulations to analyse extreme summer heat of the Northern Hemisphere, however, RCM outputs used here provide more precise regional details due to better spatial representations.
Several different definitions of heat wave exist and are used throughout the world (Koppe et al., 2004) . In general, the applied approaches refer to a definite period of time during which the air temperature exceeds a certain threshold. This threshold varies geographically: different countries, different regions apply different threshold values (e.g., Robinson, 2001; Pascal et al., 2013) . The World Meteorological Organization (WMO) recommends the following definition: a heat wave is considered to have occurred during the period when the daily maximum temperature exceeds the 1961-1990 daily maximum temperature normal (which is determined for each day separately) by 5 • C for more than five consecutive days (Frich et al., 2002) . This definition and other heat wave related indices are used in the analysis suggested and accomplished in the framework of the European Climate Assessment & Dataset (ECA&D) project (Klein Tank and Können, 2003) , as well as the regional analysis completed for Central/Eastern Europe (Bartholy and Pongrácz, 2007) . Gosling et al. (2009) collected and critically reviewed various definitions of characterizing heat waves. Analysis of Brown et al. (2008) focused on the observed extreme daily temperatures and their detected increases since 1950, whilst Moberg et al. (2006) analysed Lowe et al. (2011) made a thorough internet-based search of policy documents on early warning systems with respect to heat waves in 33 European countries and identified such systems in 12 countries. The comparison concludes that despite many similarities among them (e.g., they involve meteorological institutions, they use similar indicators, they include similar actions, and they identify similar vulnerable groups), there are also some differences in key characteristics due to the unique climatic effects of particular regions, also, the available resources determine and may limit the possible actions taken or offered. Within the Central/Eastern European region, a Heat Health Warning System (HHWS) was developed in 2004 on the basis of a retrospective analysis of mortality and meteorological data (Páldy et al., 2005) in Hungary to anticipate heat waves that may result in a large excess of mortality. In the framework of this introduced HHWS, three levels of heat wave warning are applied. They are associated with the daily mean temperature values with different minimum length of heat wave, as presented in Table 1 . The HHWS contains the following preventive actions and it is suggested that they should be taken within the country in case of issuance of the respective warning levels. Warning level 1: The emergency services should prepare for the expected increase in patient traffic. Warning level 2: (i) Use of media communications (TV, radio, internet), newsletters, flyers to inform the public, (ii) Operation of telephone emergency service, (iii) Distribution of water and fans in public places, (iv) Opening of air conditioned rooms for public use, (v) Suspension of the cut-off of non-paying clients by water and electricity suppliers. Warning level 3: Strict control of the Warning level 2 actions.
Data and methodology
For the present analysis simulated temperature outputs of PRECIS (Providing REgional Climates for Impacts Studies) experiments are used. The selection of this RCM is based on the validation results of a national intercomparison project (Krüzselyi et al., 2011) . In the framework of this program four different RCMs have been adapted for assessing the re- gional climate change trends in the Carpathian Basin. Considering together the temperature and precipitation for the past, PRECIS outputs are able to reconstruct the climatic conditions in the 1961-1990 reference period.
PRECIS is a high resolution limited area model using a hydrostatic approach with 19 vertical atmospheric levels and 4 soil layers (Wilson et al., 2007) . The depths of the applied soil layers were defined at 10 cm, 25 cm, 65 cm, and 200 cm from the surface, which can result in realistic reproduction of the seasonal and diurnal variation of thermodynamical properties under the ground. The regional climate model was developed at the Hadley Climate Centre (HCC) of the UK Met Office, and it has been adapted for a European subdomain using 0. Fig. 1 . PRECIS is based on the atmospheric module of the HadCM3 GCM; consequently, this finer scale version uses the same formulation of the climate system as in the global scale GCM. Therefore, the regional scale climate simulations are consistent with the continental scale conditions simulated by the GCM. The consistency is strengthened by the applied initial and lateral boundary conditions for the RCM experiments, which are provided by the HadCM3 ocean-atmosphere coupled GCM (Gordon et al., 2000) using 2.5 • × 3.75 • latitude-longitude resolution. Three different emissions scenarios (B2, A1B, and A2) are taken into account in the PRECIS experiments. The global CO 2 concentration level estimated for 2100 are 856 ppm, 717 ppm, and 621 ppm, for A2, A1B and B2, respectively (Nakicenovic and Swart, 2000) .
For the 1961-1990 reference period, performance of the HCC's model is compared to other RCMs in Jacob et al. (2007) and Kjellström et al. (2010) showing that the RCM developed by the HCC resulted in similar bias to other RCMs. In this study we used the standard reference period of climate change research.
In order to estimate the bias of the PRECIS simulation for the past, raw outputs from the 1961-1990 reference period are compared to the E-OBS datasets containing gridded daily mean temperature values. The seasonal average temperature bias values for the Central/Eastern European domain are small in winter and autumn; for instance, the spatially averaged bias taking into account the grid cells located within Hungary is 0.2 • C for both seasons. However, the mean temperature is underestimated in spring (the bias is −1.4 • C for Hungary) and significantly overestimated in summer, especially in July and August (the average seasonal bias is +3.0 • C for Hungary). Heat waves potentially occur in summer, therefore, a reliable analysis of heat wave warning levels requires the reduction of the large temperature bias of raw simulated data.
The bias of the raw PRECIS outputs is corrected using the monthly empirical frequency distribution (Formayer and Haas, 2010) , which is determined from the daily mean temperature values for each month. Then, calculations of heat wave occurrence are accomplished from the corrected temperature data sets for each grid cell. For instance, in the grid cell close to Budapest, Hungary (geographical latitude and longitude of the RCM grid cell are 47 • 34 N and 19 • 2 E, respectively), daily mean temperature values averaged over the month July during the 1961-1990 reference period, are overestimated by 3.1 • C. The raw simulated temperature time series include daily mean temperature values exceeding 25 • C with about 42 % frequency during the 30-year-long reference period (Fig. 2a) , whereas according to the observation-based E-OBS dataset this occurrence is much more rare (about 11 % frequency only). 10 % of the raw simulated daily mean temperature values in this grid cell exceeded 30 • C during , whereas this high temperature did not occur on the basis of the E-OBS control dataset. After applying the additive bias correction factor to the distribution of daily temperature values in July, the corrected simulation data perfectly fits the control measurements as shown both in case of the empirical distribution functions (Fig. 2a) and the empirical density functions (Fig. 2b) .
Analysis of future trends in heat wave occurrence frequency and schedule
Heat wave occurrences (cases) are calculated from the bias corrected simulated temperature time series of PRECIS runs for three periods (1961-1990, 2021-2050, and 2071-2100) for the three warning levels of HHWS. Frequency values in the period 2071-2100 are determined for the three emissions scenarios, whereas in the period 2021-2050 only for the A1B scenario (due to the small differences in projected temperature for the different scenarios). Then, the projected changes by 2021-2050 and by 2071-2100 are determined relative to the 1961-1990 reference period for each grid cell of the domain. The spatial structures of the average annual number of heat warning cases based on simulated temperature with PRE-CIS, and thus, the projected changes for the target region are shown in Figs. 3 and 4 for warning levels 1 and 3, respectively. In general, zonal structure can be recognised in all levels, namely, from North to South the number of heat warning cases is increasing and the projected changes are also increasing. The topography of the selected domain remarkably modifies these general zonal structures. The topographical effect can be recognised as more heat wave warning cases occur in the lower elevated southern and central regions of the domain than in the higher elevated hilly regions in the northern and eastern parts of the domain. Furthermore, due to the increasing warming, simulated changes are larger for 2071-2100 than for 2021-2050. By the end of the 21st century, simulated changes are larger when taking into account a scenario with larger estimated CO 2 concentration by 2100 resulting in larger temperature increase in the region . In the period 2071-2100, weather conditions with respect to heat wave warning levels 1 and 2 are projected to occur more frequently (in several subregions by 500-700 %) than in the 1961-1990 reference period. Simulated frequency increase of warning level 3 conditions is 230-370 % on average. The simulated average durations of warning level 2 and 3 conditions for Hungary are summarised in Table 2 . Since the threshold values applied in case of warning levels 1 and 2 are identical, we do not calculate durations for warning level 1 separately. The standard deviation values indicate the variability of the length of different warning level conditions. The remarkable intensity increase can be clearly identified both for the middle and the end of the 21st century compared to the 1961-1990 reference period. For instance, level 2 heat waves lasted typically 4 days, which is projected to increase by 50 % by the mid-century, and to double by the end of the 21st century in case of the A1B and the A2 scenario. The variability of the average length of heat waves is also projected to increase, which is partially due to the increased occurrences of heat waves in the future.
Besides the evaluation of the frequency in heat wave occurrence, the dates of the potential first and last warnings against heat waves with respect to different levels within HHWS have been analysed for Hungary. The Box-Whisker plots in Figs. 5 and 6 summarise the results for the 229 grid Table 2 . Simulated lengths of heat waves corresponding to warning levels 2 and 3 within HHWS in Hungary. cells located within the country. In general, the results suggest that the interannual variability of the simulated time series is larger in the period 2071-2100 compared to . The average start of heat warnings is projected to shift to the months May and June compared to the month of July in the period 1961-1990 (Fig. 5) . Meanwhile, the average end of heat warnings is likely to shift from early August to late August/beginning of September (Fig. 6 ). Thus the length of the potential heat wave season is projected to remarkably increase in Hungary.
Similarly to the mean annual number of heat waves, the spatial structure of the occurrence schedule can also be characterised by superposed zonal and topographical features. Heat waves tend to occur earlier and last longer in the lower elevated southern regions of the domain than in the higher elevated hilly regions.
In the 21st century, the potential occurrence times of heat wave warnings are likely to be extended; namely, the first (last) heat wave occurrence within the year is projected to shift earlier (later) than during the 1961-1990 reference period. For instance, warning level 1 conditions might occur from mid-May until mid-September in the late 21st century, unlike in the reference period (when they occurred only from mid-June until mid-August). Thus, the total length of the possible occurrence is likely to be extended by about 1-2 months.
Conclusions
Heat wave related climatic conditions of the 1961-1990 (reference) , 2021-2050 and 2071-2100 (future) periods have been simulated using the PRECIS model outputs. In the present paper the projected changes of regional heat waves in Hungary (located in Central/Eastern Europe) for the 21st century (compared to 1961-1990) have been analysed in case of three different emissions scenarios (B2, A1B, and A2). Based on the results, the following main conclusions can be drawn.
i. Heat waves in the region are likely to occur significantly more often in the 21st century than in the 1961-1990 reference period. The larger the estimated CO 2 level by 2100, the larger the projected increase.
ii. The period of heat waves is projected to considerably lengthen. Typical duration is likely to double by the 2071-2100 period (especially in case of the A2 or A1B scenarios) compared to the 1961-1990 reference period.
iii. By the end of the 21st century the average first heat wave warning is projected to occur earlier, and the average last heat wave warning is projected to occur later than in the reference period -hence the potential heat wave season is projected to increase remarkably.
